ABSTRACT: Topological insulators (TI's) are a new class of quantum matter with extraordinary surface electronic states, which bear great potential for spintronics and error-tolerant quantum computing. In order to put a TI into any practical use, these materials need to be fabricated into devices whose basic units are often p-n junctions. Unique electronic properties of a 'topological' p-n junction were proposed theoretically such as the junction electronic state and the spin rectification. However, the fabrication of a lateral topological p-n junction has been challenging because of materials, process, and fundamental reasons. Here, we demonstrate an innovative approach to realize a p-n junction of topological surface states (TSS's) of a three-dimensional (3D) topological insulator (TI) with an atomically abrupt interface. When a ultrathin Sb film is grown on a 3D TI of Bi 2 Se 3 with a typical n-type TSS, the surface develops a strongly p-type TSS through the substantial hybridization between the 2D Sb film and the Bi 2 Se 3 surface. Thus, the Bi 2 Se 3 surface covered partially with Sb films bifurcates into areas of n-and p-type TSS's as separated by atomic step edges with a lateral electronic junction of as short as 2 nm. This approach opens a different avenue toward various electronic and spintronic devices based on well defined topological p-n junctions with the scalability down to atomic dimensions.
ductivity. 7, 8 However, there has been a huge barrier in making devices based on TSS's. The challenge is closely related to the notorious issue of controlling impurities or dopants in a TI crystal. While quite a few works tried to control the chemical potential of a TSS by impurity doping, 4,9-14 the deterioration of the surface channel and the inclusion of bulk channels were inevitable in many cases. Especially, the tunability of the chemical potential was often not enough to make a good p-type TSS. Fabricating a well defined topological p-n junction is even more challenging, [15] [16] [17] [18] which represents one of the most important technological issues in staging applications of TI's. Nevertheless, a topological p-n junction, defined as an electronic junction of a p-and a n-type TSS, features unique properties, which are not shared by conventional p-n junctions of semiconductors but promise attractive new applications. 7, 8 At a topological p-n junction, the electron scattering and transport are largely governed by the spin polarization of TSS's involved. This property provides the spin rectification effect and a few other spintronic applications. 19, 20 Moreover, under a magnetic field an 1D electronic channel develops along the junction.
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Due to layered structures of most of 3D TI crystals, the stack of n-and p-type TI crystals is feasible only in the vertical direction. 22 The laterally graded bulk doping was only applied with a partial success to create a junction between a n-and a marginally p-type TI. However, the p-n junction of its surface channel was not clearly established and the junction length is limited to 40 nm. 17 A very recent work used the surface doping by an organic molecular film to create successfully a topological p-n junction, which would have a similar length scale.
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In general, the poor dielectric screening in 2D or layered materials can impose a fundamental limit to the junction length.
23
On the other hand, there is a radically different way discovered recently to engineer, in principle, a TSS with impurity and defect issues. While the existence of a TSS is guaranteed and its electronic states are immune to external pertubations, the dispersion of a TSS depends strongly on chemical and geometrical structures of the surface. Various theoretical works predicted that the dispersion and the number of edge or surface state bands for a 2D or 3D TI 
RESULTS AND DISCUSSION
Bi 2 Se 3 is taken as a well established 3D TI to be fabricated into a topological p-n junction by STS measurements as shown in Figure S1 of Supporting information. This doping effect has been attributed to the characteristic defects, which were resolved clearly in previous and present scanning tunneling microscopy (STM) topographies (Figure 1a) . [42] [43] [44] After the deposition of Sb below 0.7 BL (nominal thickness) at room temperature, the whole bands of Bi 2 Se 3 are shifted rigidly to a lower energy (Figures 2b and 2c) . It is obvious that deposited Figures 4d and 4e) . The topological nature of a thin Sb film is lost due to the coupling between top and bottom surface states but recovers when its bottom surface state hybridizes with the TSS of Bi 2 Se 3 to break the coupling between TSS's of the film. As a result, the emerging TSS comes solely from the top Sb bilayer of the film and its strongly p-type character is due to the charge transfer from Sb to Bi 2 Se 3 ( Figure 4f ). This idea is solidly confirmed in by solving our model Hamiltonian and through detailed band structure calculations (Supporting information). Therefore, we can unambiguously conclude that the Bi 2 Se 3 surface covered partially with Sb has simultaneously n-and p-type TSS's in the bare surface and the Sb-covered surface, respectively (Figure 4g ). It is straightforward to expect a strong p-n junction at the boundary between ultrathin Sb films and the bare Bi 2 Se 3 surface since the n-and p-type Dirac points are separated by a huge energy scale at −0.45 and +0.27 eV, respectively (Figures 3b and 3f ).
The lateral p-n junctions at edges of Sb islands can be directly confirmed and visualized The lateral p-n junction is sustainable for a smaller island until the edge effect destroys the 2D band structure of the Sb film and its interface. The edge effect is expected to be substantial for an island size smaller than 10 nm as estimated from the lateral extent of the edge state of the Sb film. Within our calculation, the p-n junction or the p-type TSS is also preserved for a thicker film up to a thickness of 5 BL's while the electronic structure and the junction property become more complicated for a thicker film.
The key features of the electronic structure of the Sb-covered surface are the formed metallic band TSS Sb and its Dirac point. These features can further be confirmed by detailed dI/dV measurements, which exhibit the quasi-particle interference (QPI) within the Sb island. The QPI due to back scatterings at the edge of the island can be noticed as a wavelike pattern in the dI/dV map (green arrows in Figure 5c ). The Fourier transform of the QPI pattern reveals a well defined scattering wave vector q 1 across E F (Figures 5e, 5f, The linear dispersion and the p-type character, q 1 increasing for a lower energy, are apparent.
This result is fully consistent with the ARPES result and the calculation (Figures 3b and   3f ). The Dirac point, where q 1 approaching to zero, is estimated to be around roughly 0.3 eV in consistency with the calculation. Ideally, a TSS does not allow the backscattering requested for QPI due to its spin-momentum locking property, but a TSS in a real TI crystal does because of the spin reorientation by the warping of the TSS band. 50 The warping effect on the spin texture is very prominent in our calculation for TSS Sb (Figures 5e and 5f) ; there arise strong out-of-plane spin components (S z ), which flip at M direction with in-plane spins kept helical (Figures 5e and 5f ). This distorted spin texture allows one scattering vector q 1 connecting spins of the same direction (Figures 5e and 5f, green arrows) as observed experimentally.
CONCLUSION
The ARPES and STS experiments show unambiguously that different types of TSS's exist in Sb-covered and Sb-free areas, a topological p-n junction is formed between these two areas.
What is very important is that the junction is defined by only a single atomic step, which is the most abrupt junction possible in a crystal. This corresponds to an ideal case of an abrupt step function doping profile. The electronic junction would be wider than the single atom step and its width can be experimentally measured from STS maps (Figure 5c ). Nevertheless, it is still as short as 2.3 nm (black arrow between dashed lines in Figure 5c ). Since this junction is not based on accumulated charges as in the cases of doping or gating, the dielectric screening, which limits the junction length significantly in 2D or layered systems, 23 would not be important in the present case. That is, the distinct feature of the present junction is based on its fundamentally different mechanism, the transformability of a TSS by surface termination.
Note also that the electron densities of the n-and p-type regions are occasionally quite similar as estimated from similar Fermi vectors of the corresponding TSS's. This is a desirable characteristics for a good p-n junction. Moreover, it is not difficult to find a n-p-n or p-n-p junction, either, when crossing a single Sb island or a two neighboring islands. In addition, the distinct spin texture of the present TSS (Figure 5e ) might be exploited further for spin transports. 7, 8 Therefore, a distinct approach to create atomically abrupt topological p-n junction has been demonstrated here, which would definitely accelerate the development of various electronic/spintronic devices of TSS's, scalable down to atomic dimensions, and of fundamental researches on exotic electronic properties of topological junctis.
Methods
Sample Growth. The single crystals of Bi 2 Se 3 , used as substrates, were grown using selfflux method and cleaved in vacuo. The Sb films were grown on the Bi 2 Se 3 surface by a thermal effusion cell at room temperature.
37,47,50
STM/STS Experiments. We performed STM/STS experiments using a commercial low-temperature STM (Unisoku, Japan) in ultrahigh vacuum better than 5×10 11 Torr at ∼78 K. STM topographic data were obtained using the constant current mode. The STS spectra (dI/dV curves) were obtained using the lock-in technique with a bias-voltage modulation of 1 kHz at 10-30 mV r ms and a tunneling current of 500-800 pA.
ARPES Measurements. The ARPES measurements were performed on in situ clean and Sb deposited Bi 2 Se 3 single crystal surfaces with a high performance hemispherical electron analyzer (VG-SCIENTA R4000) at the 4A1 ARPES beamline in Pohang Accelerator
Laboratory. The samples were kept near 50 K for measurements. The ARPES data were taken at the photon energy of 24 eV.
Ab initio Calculations. The ab initio calculations were carried out in the framework of generalized gradient approximations with Perdew-Burke-Ernzerhof functional using the plane wave basis Vienna ab inito simulation package (VASP) code. 53, 54 All the calculations were carried out with the kinetic energy cutoff of 400 eV on the 11×11×1 Monkhorst-Pack kpoint mesh. A vacuum layer of 20Å-thick was used to ensure decoupling between neighboring slabs. The Sb slabs were fully optimized until the Helmann-Feynman forces are less than 0.01 eV/Å. Six quintuple layers were used to simulate the Bi 2 Se 3 substrate. The spin-orbit coupling is included in the self-consistent electronic structure calculation.
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